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The Engrailed Homeodomain protein has the highest refolding and
unfolding rate constants directly observed to date. Temperature
jump relaxation measurements gave a refolding rate constant of
37,500 s21 in water at 25°C, rising to 51,000 s21 around 42°C. The
unfolding rate constant was 1,100 s21 in water at 25°C and 205,000
s21 at 63°C. The unfolding half-life is extrapolated to be '7.5 ns at
100°C, which allows real-time molecular dynamics unfolding sim-
ulations to be tested on this system at a realistic temperature.
Preliminary simulations did indeed conform to unfolding on this
time scale. Further, similar transition states were observed in
simulations at 100°C and 225°C, suggesting that high-temperature
simulations provide results applicable to lower temperatures.

molecular dynamics u fast unfolding u helix docking u residual structure

Our understanding of protein folding has increased enor-
mously in the past decade because of developments in

experimental and theoretical methods and their integration (1,
2). The observed time scale for two-state protein folding and
unfolding has decreased from tens of milliseconds to tens of
microseconds over the same period (3–6). Unfortunately, the
most detailed and realistic simulation procedure, molecular
dynamics (MD), is currently on a time scale that is generally too
long for direct comparison with experiment under accessible
conditions. The longest simulation performed so far is for about
1 ms on the folding of a 36-residue protein, the villin headpiece,
during which time the protein collapses to an intermediate (7).
Raising the temperature of simulation of folding does not
circumvent the problem of incompatible time scales: the equi-
librium for most proteins favors unfolding at temperatures above
40–70°C, and the folding rate constant has a maximum at the
lower end of that temperature range and then decreases because
of a large specific heat of activation (8). But, simulation of
protein unfolding is particularly useful because unfolding does
speed up with increasing temperature, and simulation at some
200°C detects complete unfolding in the nanosecond range (9)
(S. L. Kazmirski, K. B. Wong, S. M. V. Freund, Y.-J. Tan,
A.R.F., and V.D., unpublished observations). Although simula-
tion of unfolding at high temperature is subject to the criticism
that the conditions are unnatural, simulations do benchmark
very well with detailed experimental data (for example, f-values
and NMR data) obtained at 25°C over the millisecond time scale
(9–11). Also, recent studies of the detailed unfolding pathway of
chymotrypsin inhibitor 2 as a function of temperature (75–
225°C) demonstrate that unfolding is accelerated at high tem-
perature, but the pathway does not change as a function of
temperature (D. O. V. Alonso, Y. P. Pan, S. Ham, B. Benniun,
and V.D., unpublished observations).

Simulations have reproduced particular events in protein
folding. Examples are the hydrophobic collapse of ubiquitin at
62°C (12, 13) and the formation of a collapsed state on the
microsecond time scale for the villin headpiece (7), but true
refolding did not occur in either case. We have been searching
for proteins that fold and unfold very rapidly, both to explore the
‘‘speed limit’’ of protein folding (14–16) and to find systems that
are accessible to MD simulation at the upper temperatures of

life, i.e., around 100°C. We have found in this study a suitable
candidate, the Engrailed Homeodomain (En-HD) from Dro-
sophila melanogaster. This protein has 61 residues and is mainly
a-helical (17). The structure of the homeodomains, including
En-HD, is an extension of the prokaryotic helix–turn–helix
DNA-binding motif (18). We want to report measurements on
this rapidly folding and unfolding protein, together with prelim-
inary MD simulation of its unfolding.

Materials and Methods
Purification. En-HD was overexpressed in C41(DE3) Escherichia
coli cells (19) at 37°C and purified (20). Mass spectrometry
revealed .99% homogeneity of the product with the expected
Mr 7, 453.3 6 0.5.

Equilibrium Measurements. Experiments used 50 mM Hepes, pH
8.0, and 100 mM NaCl, except for differential scanning calo-
rimetry, which used 50 mM sodium acetate buffer, pH 5.8.
Thermal denaturation of 18.6 mM En-HD was followed at 222
nm with a Jasco (Easton, MD) J-720 spectropolarimeter
equipped with a Jasco PTC-348WI temperature controller.
Thermal denaturation of 360 mM En-HD also was followed by
differential scanning calorimetry using a MicroCal (Northamp-
ton, MA) VP-DSC with a cell volume of 0.52 ml. In both
experiments, the temperature was increased at 1° per min.
Curves were fitted to the standard two-state equation. The
partial heat capacity of En-HD (Fig. 1) was calculated according
to Privalov (21). DHcal was determined by integration of the
excess heat capacity in Fig. 1.

Kinetic Measurements. Temperature jump measurements in a
0.8-ml cell were made using a DIA-RT T-Jump instrument (22)
(Dia-Log, Düsseldorf, Germany). Protein concentrations were
in the range of 15 to 300 mM in the Hepes buffer. Voltages
ranging from 10 to 40 kV with 10 or 50 nF capacitors gave
increases of 1–5°, as calibrated by the changes in absorbance of
a pH indicator in a buffer of known pH dependence on tem-
perature. The heating under optimal conditions was completed
in 0.5 ms.

MD Unfolding Simulations. Duplicate simulations were performed
at both 100 and 225°C with ENCAD (23) by using standard
procedures (9). All atoms were explicitly present, and the protein
was solvated in a box of water molecules (24, 25), by using the
experimental densities for pure liquid water at these tempera-
tures (26, 27). The transition state region for each simulation was
identified by using a conformational clustering procedure (10,
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11). The two primary simulations were carried out for 40 (225°C)
and 70 ns (100°C).

Results
Equilibrium Measurements. Thermal denaturation curves of
En-HD followed by circular dichroism were sigmoidal, and the
derived melting temperatures were coincident with those from
differential scanning calorimetry data (Fig. 1), indicative of a
two-state transition. Further, the calorimetric and van’t Hoff
denaturation enthalpies were very similar, 35.1 6 0.4 kcalzmol21

and 33 6 3 kcalzmol21, respectively, which is a necessary
characteristic of a two-state transition. The thermodynamic
values obtained from equilibrium measurements were indepen-
dent of protein concentration, from 4 to 400 mM. Urea dena-
turation at 25°C gave a free energy of denaturation, DGD-N, of
1.85 6 0.1 kcalzmol21 in water and an m value (mD-N 5
DGD-Ny[urea]) of 0.8 6 0.05 kcalzmol21zM21.

Calculation of the free energy of denaturation at different
temperatures from the enthalpy and entropy of denaturation
that were measured from the thermal denaturation experiments
requires knowing the specific heat of denaturation (DCpD-N).
Because changes of stability with pH in this system are small (at
pH 5.8, DGD-N 5 1.85 6 0.1 kcalzmol21; at pH 8.0, 5 1.98 6 0.1
kcalzmol21, as measured from urea denaturation curves), we
could not determine the specific heat by the standard procedure
of measuring DHD-N at different values of Tm at varying values
of pH. Instead, we used the average value of DCpD-N per residue
from a set of small nondisulfide-bridged proteins for which
DCpD-N has been calculated over a wide range of temperatures
(28). The values of DCpD-N for En-HD is estimated to be 700 6
200 calzmol21zK21 through its transition region (25–75°C), in
agreement with value estimated by the procedures of Myers et al.
(29). This value decreases with increasing temperature, ap-
proaching 0 at around 140°C (28). Errors induced in the calcu-
lation of DGD-N from errors in DCpD-N are, in any case, greatly
attenuated because they lead to compensated errors in the
extrapolated components of enthalpy and entropy (30). The free
energy of denaturation at pH 5.8 extrapolated to 25°C by using
the estimated value of DCpD-N agrees well (2.08 6 0.24
kcalzmol21) with the value calculated from urea-induced
denaturation.

Kinetic Measurements. The low values of both m and DGD-N led to
both denatured and native states of En-HD being populated over
a wide range of urea concentrations and temperatures. Those

suitable characteristics of the protein have enabled us to measure
directly the rate constants for unfolding and refolding of En-HD
by temperature-jump experiments on the microsecond time
scale. On rapidly increasing the temperature (dead time 5 1–5
ms, according to experimental conditions), there was a measur-
able change in the equilibrium population of the states, with a
relaxation rate constant kobs 5 ku 1 kf, where kf 5 kobsy(1 1
KD-N) and ku 5 (KD-N kobs)y(1 1 KD-N). The observed rate
constants were independent of protein concentration from 10 to
300 mM and of the size of the temperature jump to the target
temperature. All of the recorded traces were strictly exponential
(see Fig. 2 A and B), as expected for a cooperative mechanism
and generally observed for slower folding proteins.

Plots of of ln(kobsyT) vs. 1yT (the Eyring equation; ref. 31)
were not linear for either folding and unfolding, as expected for
a reaction with a change of heat capacity between the ground and
transition states (8). The direct plot of logkobs vs. T (Fig. 3A)
shows very high curvature and the now characteristic observa-
tion of the folding rate constant for a two-state reaction going
through a maximum (8).

The errors in the measured value of kobs were small (,3%).

Fig. 1. Equilibrium denaturation of En-HD. Reversible thermal denaturation
of En-HD as followed by circular dichroism (CD) and differential scanning
calorimetry (DSC).

Fig. 2. Relaxation kinetics of En-HD. (A) Kinetic trace at 25°C and 2.6 M urea
on a 24,000-V electrical discharge with a 50-nF capacitor (5° jump). Six traces
were averaged (En-HD concentration was 49 mM). Fitting of the observed
trace to a single exponential equation gives a relaxation rate of 10,300 6 200
s21. (B) Reaction trace at 57°C and 0 M urea on a 30,000-V electrical discharge
from a 10-nF capacitor (1° jump). Seventeen traces were averaged (En-HD
concentration was 300 mM). Fitting of the observed trace to a single expo-
nential equation gives a relaxation rate of 145,000 6 500 s21.
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The errors in the values of ku and kf increase with increasing
temperature difference from Tm because of errors in estimating
the equilibrium constant for denaturation (see error bars in Fig.
3). The relaxation rate constant at 25°C in the absence of
denaturant was 38,700 6 1,400 s21, where kf 5 37,500 6 1,600
s21 and ku 5 1,100 6 450 s21. At the thermal denaturation
midpoint (52.15°C), kobs 5 96,000 6 4,000 s21, where ku 5 kf 5
48,000 6 2,000 s21. The highest value of kobs we have measured
accurately for En-HD is 235,000 6 10,000 s21, at 63°C. The
temperature of 42.3°C for the maximum refolding rate constant
in Fig. 3 (kf 5 51,000 6 1,500 s21) corresponds to the temper-
ature where the folding enthalpy equals zero.

The position of the transition state on the reaction pathway
(32), bT, may be estimated from the values of (logku)y[urea]
and (logKeq)y[urea]. Rates up to 7.3 M urea measured either
by relaxation techniques or by continuous flow mixing (unpub-
lished observations) have been used to estimate the urea de-
pendence of the unfolding reaction and correlate it with the urea
dependence of the equilibrium constant. The measured values
yield a b84 for folding of 0.9 (data not shown).

Unfolding MD Simulations. There is some uncertainty in the
extrapolated rate constant of unfolding at 100°C because of the
need to estimate the specific heat of unfolding. The use of our
estimate of DCpD-N 5 700 6 200 calzmol21zK21 to extract the
individual rate constants gave an unfolding half-life of 7.5 ns at
100°C (Fig. 3B). Underestimates or overestimates of DCpD-N do
not change significantly the extrapolated value of unfolding
half-life at 100°C; values span from 25 ns to 4.5 ns, using 460 and
930 calzmol21zK21, respectively. A temperature-dependent
DCpD-N—according to Privalov’s calculation (28)—yields rates
that also fall in this range.

The unfolding reaction of En-HD of half-life about 10 ns at
100°C is within present capabilities of MD simulation. Conse-
quently, multiple thermal MD simulations were performed,
starting from the crystal structure. The initial events in unfolding
involved expansion and disruptions of helix packing. In partic-
ular, helix III moved away from the core, leading to the transition
state. In addition, helix II partially unraveled andyor separated
from helix I, and the extended N-terminal tail pulled away from
the protein. This sequence of events was independent of tem-

perature in multiple unfolding simulations (shown for 100 and
225°C in Fig. 4).

The simulated transition state ensemble was native like and
very similar for the two different temperatures (Fig. 4). In fact,
the transition states are more similar to one another than to their
starting structure (Fig. 4 legend). There was a 14 and 20%
increase in the solvent-accessible surface area of the 100 and
225°C transition states, respectively, compared with the native
state. The difference between these values is mostly because of
the N-terminal tail. The value of bT is 0.9, implying that the
transition state is native like with a 10% increase in solvent
exposure, consistent with the simulations.

Further expansion occurred after the transition state in the
simulations, resulting in almost complete separation of the
helices. At this point, the interhelical orientations were very
fluid, and packing interactions were disrupted and those that
formed were transient (see the 100°C structures in Fig. 4). After
further expansion, the helices underwent cycles of unfolding and
refolding, which is better seen in the 225°C simulation, where
sampling of the denatured state was improved (Fig. 4).

Discussion
Temperature Jump Kinetics. We previously applied temperature
jump kinetics to protein folding by rapidly heating a cold-
denatured solution of a protein and so measuring the increase in
population of native protein (33). Here, we have used the more
conventional procedure of jumping through a thermal unfolding
transition and measuring the rate of relaxation to a new equi-
librium in which the unfolded state is more populated. The
relaxation rate constant thus obtained is the sum of those for the
forward and reverse reactions. We calculated the individual rate
constants from the relaxation rate constant and the measured
equilibrium constant under the same conditions. It is worth
noting that although the classical Eigen–de Maeyer temperature
jump apparatus (22) is slow compared with modern laser-based
machines, being limited to the microsecond time range, it has
exceptionally good signal-to-noise ratio, is very stable, and has
exceptionally reproducible traces. Further, unlike more modern
equipment, the whole cell is rapidly heated and so the signal does
not have to be processed to allow for thermal diffusion as
happens when just a small part of the sample is rapidly heated
by a focused laser flash. As a consequence, we can analyze the

Fig. 3. Folding kinetics at increasing temperatures. (A) Relaxation rate constants (») are plotted in a logarithmic axis vs. temperature. Folding (kf, E) and
unfolding (ku, h) rate constants were extracted from kobs as described in the text, plotted in an Eyring plot of ln(kobsyT) vs. 1yT (K21) (not shown) and fitted
individually to ln (kyT) 5 ln (kByh) 2 DG‡yRT to estimate the half-times of reaction up to 100°C shown in B.
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nature of the relaxation traces with high precision. The relax-
ation processes for folding and unfolding fit extremely well to
simple, single, first-order curves, without any detectable hints of
stretching, inhomogeneity, or multiple processes (Fig. 2). This
behavior ranges from .200,000 s21 at high temperature, which
represents predominantly the rate constant for unfolding, to
38,700 s21 at 25°C, which is predominantly the folding rate
constant. The refolding rate constant is 37,500 s21 in water at
25°C, with a maximum of 51,000 s21 around 42°C. The unfolding
rate constant was 1,100 s21 in water at 25°C and 205,000 s21 at
63°C. These are the highest rate constants ever directly measured

for protein folding and unfolding. The rate constant for folding
is approaching within an order of magnitude the value predicted
by Eaton and colleagues for the diffusional collapse of a
polypeptide chain (15).

The only technique other than temperature jump that has
been used in this time regime is line shape analysis of one-
dimensional NMR spectra (5). The highest determined value for
the refolding rate constant of the G46AyG48A double mutant
of l6–85 repressor was 3,000 s21 at 37°C in urea solution (5). A
value of 30,000 s21 in water at 30°C was extrapolated from
moderate urea concentrations (34). Refolding rate constants up

Fig. 4. Time progression of the thermal denaturation of En-HD at neutral pH from MD simulations at 100 and 225°C. The early steps in unfolding to the transition
state and the disruption of helix packing are illustrated at 100°C. The unfolding at 100°C is on the proper time scale, as estimated from experiment. However,
as the process is accelerated by temperature, the conformational heterogeneity of the denatured state is better sampled at 225°C. The crystal structure (17) is
given as the 0-ns conformation. All structures are colored according to the placement of native helical structure: helix I, residues 10–22, in red; helix II, residues
28–38, in green; and helix III, residues 42–55, in blue. Helical structure, as determined using the method of Kabsch and Sander (43), is illustrated by ribbons. Trp-48,
the fluorescence probe, is shown in magenta. This residue becomes exposed to solvent at the transition state and remains exposed thereafter at both
temperatures. Note the similarity between the transition states at different temperatures: the displayed transition state structures have an a-carbon rms
deviation of 3.8 Å, which is lower than their rms deviations from the starting structure (3.9 and 5.3 Å for 100 and 225°C, respectively).
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to 22,000 s21, at 46°C, have been determined for the peripheral
subunit-binding domain protein (6) by using the same approach.

Bringing Together Theory and Experiment. We estimate the half-life
for unfolding to be in the region of 10 ns at 100°C, which is easily
in the current time realm of MD simulation. MD simulations do,
indeed, find unfolding on this time scale. The protein unfolded
by means of expansion of the core and movement of helix III
away from the core, regardless of the simulation temperature, to
yield the transition state. The transition states at 100 and 225°C
are similar; in fact, they are more similar to one another than
they are to their starting structure. Also, the simulated transition
states are consistent with available experimental data, such as
the bT value. After the transition state, further expansion and
‘‘undocking’’ of the helices occurred at both temperatures. At
100°C, various arrangements of the helices were sampled in the
70-ns simulation, but the helices remained largely intact although
lacking in well-formed tertiary packing interactions.

Better sampling of the denatured state was obtained in the
225°C simulation. In this case, all three helices unfolded and
refolded many times over the simulation. This was particularly
true for helices I and III, whereas helix II was less stable. Helices
I and III contained the highest helix contents over time, and after
40 ns both helices had recovered two turns of helix. These helices
are unusually stable, and we note that it is not just overestimation
of the helix content by the force field. We have measured
experimentally the equilibrium constants for formation of heli-
cal structure in peptide fragments encompassing the helical
regions in the native structure of En-HD (unpublished obser-
vations). Helices I and III were found to be exceptionally stable.
The high stability of these fragments may well underestimate the
amount of residual helical content in the denatured state. It has
been noted before in simulations of barnase that tertiary inter-
actions within the denatured state not only stabilize helical
structure but also facilitate or trigger its formation (9, 35).
Similarly, NMR measurements on the denatured state of barstar
show more helix than is found in the fragments (33, 36).
Simulation and experiment thus suggest that folding involves the

docking of essentially preformed helices. A similar mechanism
may be operative for monomeric l repressor (34).

It has been suggested (37, 38) and found by Serrano and
coworkers (39–41), that overstabilization of native structure, so
that it is highly populated in the denatured state, is wasteful of
stabilization energy, as can be seen in the low DGD-N of En-HD.
But, the fluctuating residual helical structure in the denatured
state does assure that the protein is poised for rapid productive
docking of the helices. However, a consequence of the significant
uncoupling of the formation of secondary and tertiary structure
is that unfolding is also very fast.

The collaboration between the Seattle and Cambridge labo-
ratories in simulation and experiment rests on benchmarking the
simulation with experimental observables, usually with f-values
or NMR. Here, the commonalities are unfolding on the same and
unusual time scale and the finding of high helical content in the
denatured state. The combined approaches of experiment and
unfolding simulations suggest that this protein achieves such
rapid folding as a consequence of decoupling of the formation
of secondary and tertiary structure. In the folding direction, the
process appears to be primarily the docking of preformed helices
and, in the unfolding reaction, mainly the breaking of tertiary
interactions. The estimated half-life for unfolding of approxi-
mately 10 ns at 100°C has allowed for real-time unfolding MD
simulation at experimentally accessible temperatures. The half-
life of refolding of 18 ms should be accessible in the near future
to direct real-time MD refolding simulations. We expect that the
continued discovery of such fast folding proteins and the devel-
opment of computational power will lead to a more general
detailed understanding of protein folding at atomic resolution.
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